ABSTRACT: Measurements on protein translocation through solid-state nanopores reveal anomalous (nonSmoluchowski) transport behavior, as evidenced by extremely low detected event rates; that is, the capture rates are orders of magnitude smaller than what is theoretically expected. Systematic experimental measurements of the event rate dependence on the diffusion constant are performed by translocating proteins ranging in size from 6 to 660 kDa. The discrepancy is observed to be significantly larger for smaller proteins, which move faster and have a lower signal-to-noise ratio. This is further confirmed by measuring the event rate dependence on the pore size and concentration for a large 540 kDa protein and a small 37 kDa protein, where only the large protein follows the expected behavior. We dismiss various possible causes for this phenomenon and conclude that it is due to a combination of the limited temporal resolution and low signal-to-noise ratio. A one-dimensional first-passage time-distribution model supports this and suggests that the bulk of the proteins translocate on time scales faster than can be detected. We discuss the implications for protein characterization using solid-state nanopores and highlight several possible routes to address this problem. KEYWORDS: Protein, nanopore, translocation, temporal, Smoluchowski, bandwidth O ver the past decade, nanopores have become a very popular method to study analytes at the single-molecule level. While the focus has been on nucleic acids, 1,2 proteins and protein DNA-complexes increasingly are becoming a prime target of investigation.
O ver the past decade, nanopores have become a very popular method to study analytes at the single-molecule level. While the focus has been on nucleic acids, 1,2 proteins and protein DNA-complexes increasingly are becoming a prime target of investigation. 3−18 There are two notable differences which make proteins more difficult to characterize than DNA by use of nanopore measurements. The well-defined structure of proteins, the source of their biological function, is normally globular, with lengths in all dimensions that are comparable to or smaller than the thickness of the pore. DNA and other polynucleotides, however, typically have one dimension much larger than the length of the pore, leading to much longer dwell times inside the nanopore compared to proteins. Second, proteins have a variety of different charges, that are distributed unevenly throughout their structure. Again, this contrasts the case for DNA which is highly negatively charged with a uniform charge distribution along its length. These differences make nanopore experiments on proteins more challenging than on DNA. This study focuses at the issues caused by the protein's short translocation times and the implications this has for characterization of proteins with solid-state nanopores. Figure 1 shows the setup and data for a typical nanopore protein measurement. A voltage is applied across the pore, which electrokinetically drives a protein through it, temporarily blocking the ionic current. The dynamics of the translocation process can be split into two stages, the capture step and the actual translocation through the nanopore. The former involves the biomolecule diffusing to the pore, which can be characterized by the rate at which molecules are captured. This process is governed by the diffusion constant of the analyte, assisted by the applied electric field. The rate J at which the analytes arrive at the pore entrance due to free diffusion is given by the Smoluchowski rate equation
where c is the bulk analyte concentration, D the diffusion constant, and r p the radius of the pore. With these three values at hand, we can calculate the expected event rate based on this very well established equation.
We collected data for the event rate of a large variety of proteins [3] [4] [5] 7, 9, 20, 21 both from in-house experiments as well as from surveying published literature. This yielded a data set with 37 different protein-translocation experiments. It includes experiments on 12 different protein species conducted using SiN pores ranging in diameter from 10 to 57 nm at voltages from 50 to 200 mV. Values for the diffusion constant were determined separately for each of the protein species involved, as described in Supplementary Section S2. Figure 2 shows the ratio of the observed event rate to that predicted by Smoluchowski for this data set, as a function of the concentration multiplied by the pore radius (left plot) and of the molecular weight (right plot).
If free diffusion would govern the capture rate, we would expect a ratio of 1, irrespective of the values of c, D, or r p . For field-assisted captures, we even expect this ratio to be greater than 1 in all experiments due to the electrophoretic force driving the protein into the pore and thus increasing the capture rate. Instead we find that, while the ratio is indeed larger than 1 for dsDNA translocation, it is up to 5 orders of magnitude lower than expected for proteins, with larger and larger discrepancies for larger cr p . When the same data is shown plotted against the molecular weight (Figure 2 right) of the particular species being measured, it becomes clear that the ratio becomes significantly lower as the size of the protein becomes smaller. Note that while the smaller proteins translocate faster and have a lower amplitude blockade due to their smaller excluded volume, it does not explain the spectacular failure of the Smoluchowski equation to describe the rate of their capture by nanopores.
How to explain this large discrepancy? Several possible explanations come to mind: (1) Adsorption 5, 14, 17, 18 could explain lower capture rates, if the protein of interest would get trapped on the sidewalls of the flowcell or on the SiN membrane. To rule this out, two PMMA flowcells containing SiN membranes were incubated for one hour with 2.5 μM BSA or 2 μM RecA, respectively. Subsequently, the protein solutions were recovered from the flowcells, and the protein concentration was determined using a spectrophotometer. No detectable change was observed in the bulk protein concentrations of either solution. Additionally, we modified our analysis procedure to track possible changes in the event rate over the course of the translocation experiment, expecting the observed event rate to decrease if more proteins were absorbed and the bulk concentration was lowered. Most proteins were found to exhibit a constant event rate (e.g., Figure S1 ). Some drop was observed for Avidin, which had its event rate steadily lowered, until becoming less than half its initial value after 20 min (Supplementary Section S3). While this shows that adsorption may sometimes be a contributing factor in devices in which the ratio of surface to volume is not negligible, its effect is too small to explain the low event rates observed. (2) Aggregation of the proteins might be another contributing factor, but it is unlikely to be a dominant effect, given the large number of different protein species and the broad range of concentrations tested. Moreover, dynamic-lightscattering measurements of the hydrodynamic radius for several of the proteins showed no evidence of aggregation. (3) Electroosmosis is known to play an important role in protein translocation of nanopores and can even be responsible for the translocation of proteins occurring at a polarity opposite to what is expected from simple electrostatics. 3 For typical pH values used in these experiments, from 7 to 8, the SiN surface of the pore is known to be negatively charged, 3 with a magnitude that depends on a number of factors, particularly the SiN membrane treatment. For negatively charged protein, the electroosmotic force opposes the translocation of the proteins. The fact, however, that very low event rates are also observed for positively charged proteins, which are aided by the electrosmotic force, rules this out as the primary source of the event rate discrepancy. (4) One might question our The ratio of the observed event rate to the event rate predicted by the Smoluchowski rate equation for dsDNA (white diamonds) and protein (red stars). We expect all points to be in the green area with a ratio larger than 1. Instead, we see that all protein measurements yield a ratio less than 1, with some values even up to 5 orders of magnitude smaller. This study focuses on explaining this discrepancy. (Right) Same data set versus the molecular weight. Proteins have been separated into positively charged (red triangles) and negatively charged (blue triangles) proteins. The ratio becomes worse as the size of the protein becomes smaller, which can be attributed to their faster diffusion as well as smaller excluded volumes.
assumption that the capture process is diffusion-controlled. Indeed, barrier-limited capture was previously reported in protein capture into small pores.
9,11 However, we focus our study on large (>10 nm) nanopores with diameters much larger than the protein size, and we observe no evidence (such as exponential voltage dependence) of barrier-limited transport.
Finally, (5) a possible explanation is the finite temporal resolution in nanopore experiments. Indeed, we conclude that limited temporal resolution is the most likely explanation for the anomalously low event rates observed in virtually all nanopore probing experiments on proteins. The idea is that proteins move through the nanopore so swiftly that they escape detection. The limited temporal resolution can be attributed to two sources. First, the bandwidth of the amplifier. The commonly used Axon Axopatch 200B amplifier has a bandwidth of about 52 kHz. 22 Second, the signal-to-noise ratio (SNR) of the translocation events is limited, and recorded signals are filtered to distinguish events from the noise inherently present in the system. This distorts the shape of the events with a duration shorter than twice the rise time of the filter used (T r = 0.332/BW for a Gaussian low pass filter (LPF)), which lowers their amplitude and can significantly increase the apparent dwell time. 18 This is illustrated in Figure  3a , where rectangular pulses with durations from 200 to 10 μs are filtered with a 10 kHz Gaussian LPF. If an event has a duration sufficiently below 2T r , equal to 66 μs in this case, its amplitude drops below the detection level, the analysis software treats it as noise, the protein translocation is not noticed, and the event rate is underestimated. We investigated this effect for thyroglobulin (660 kDa), one of the proteins used in the experimental section of this work (Supplementary Section S6). The expected conductance blockade was determined using its excluded volume, as others have done in the past. 4, 5, 12, 15 Pulses with this conductance blockade and ranging in duration from 1 to 100 μs were then filtered to determine the minimum detectable pulse duration for the characteristic noise level in our pores. The minimum detectable pulse duration (MDPD) was estimated to be 25 μs, which is larger than the 20 μs temporal resolution of our amplifier. Since the MDPD becomes larger as proteins become smaller, we conclude that the SNR is nearly always the limiting factor setting the temporal resolution. In other words, the smaller the protein is, the more events we will miss as they are shorter than the MDPD. This implies that we should observe a decrease in the event rate with decreasing protein size, as indeed is observed in Figure 2 (right panel) .
We now quantitatively estimate how many events are lost due to the finite temporal resolution. We do so using the firstpassage time distribution (FPTD) for one-dimensional diffusion as derived for nanopores by Talaga and Li. 11 This model provides the probability that a protein with an electrophoretic drift velocity v, set by the voltage drop across the pore, will translocate with a given dwell time t, as detailed in Supplementary Section S5. This was used to generate dwell time distributions for various values of the diffusion constant and electrophoretic drift velocity. Four of these distributions, corresponding to four of the proteins used in the experimental part of our study, are shown in Figure 3b . For each of these proteins diffusion constants are determined using the method of He and Niemeyer. 23 This involves using the molecular weight and radius of gyration as correlation parameters to determine the diffusion constant. The electrophoretic drift velocities of the proteins were estimated based on their Stokes radii and their net charge, as determined from zeta-potential measurements 24 that we carried out on these proteins (Supplementary Section S4). As Figure 3b displays, the analysis reveals that smaller proteins (e.g., ovalbumin) have a most For a 100 μs pulse duration the dashed red line shows an ideal pulse (delayed 40 μs for visual clarity), before filtering, while the solid red line shows the same 100 μs pulse after filtering. All pulses have the same amplitude before filtering. Due to the limited rise time of the filter, any pulse with a duration less than twice the filter rise time (2T r = 66 μs) is distorted. (b) A simulated dwell-time histogram showing visible (green) and lost (red) events given a resolution limit of 20 μs. At this resolution we expect the smallest protein, ovalbumin, to show the most events (insert). If the temporal resolution would be improved to below 6 μs, however, the largest protein, thyroglobulin, would produce the most observable events. (c) The percentage of events below the temporal resolution (color scale) for various values of the diffusion coefficient and electrophoretic drift velocity. The estimated positions of four proteins are shown. We expect the majority of events for these proteins to be lost. probable dwell time which is smaller compared to the larger proteins (e.g., thyroglobulin), but the tail of their distribution is larger. Counterintuitively, therefore, smaller proteins can therefore yield more detectable events. This effect is expected to reverse as the temporal resolution of the system becomes smaller than 6 μs which however is smaller than the temporal resolution of commercial amplifiers. The amount of events lost for a particular protein is set by its size, net charge, and the minimum time resolvable by the system. The fraction of events below the temporal resolution (set as 20 μs) within the typical range of values for the diffusion constant and the electrophoretic drift velocity is shown in Figure 3c . As the positions of the proteins on this diagram show, the vast majority of protein translocations will not be observed under normal conditions. This suggests that any events that are observed either belong to the far tail of the dwell time distribution or are held long enough inside the pore due to protein−pore interactions to be resolved.
To experimentally verify that the limited temporal resolution is the cause of the discrepancy observed, the event rate dependence was investigated separately for each of the parameters in the Smoluchowski rate equation. The dependence on the diffusion constant was studied by translocating five proteins (aprotinin 6.5 kDa, ovalbumin 45 kDa, β-amylase 200 kDa, ferritin 450 kDa, thyroglobulin 660 kDa) of varying size, each at a concentration of 1 μM, through a 40 nm SiN pore, in 1 M NaCl with pH 7.5, at an applied voltage of 50 mV. Based on Smoluchowski's equation as well as our FPTD simulation, one would expect the event rate to increase with increasing D, since proteins should be able to diffuse to the pore entrance faster. Experimentally, however, we see just the opposite, as shown in Figure 4a : the event rate decreases as the size of the protein becomes smaller, and D thus grows. The observed decrease must be attributed to the decrease in the SNR as the proteins get smaller ( Figure S5b) . Aprotinin, the smallest protein tested, had an event rate within the noise floor of the system. This noise floor of false positives is determined by the rate of noise peaks with sufficient amplitude to be detected as apparent events and is estimated to be between 0.3 and 0.5 Hz for our system (Supplementary Section S7). The noise floor is shown in the panels of Figure 4 as a light red area at the bottom, except in panel b where it has been omitted for visual clarity. To test the dependence of the rate on the porediameter, a large 540 kDa protein at 46 nM concentration, β-Galactosidase, and a small 37 kDa protein at 1.35 μM concentration, human chorionic gonadotropin (hCG) were translocated through pores varying in diameter from 5 to 40 nm, as shown in Figure 4b . The event rate increased linearly with pore diameter for the large β-galactosidase, as predicted by Smoluchowski. But the event rate for hCG remained low and relatively constant, indicating non-Smoluchowski behavior. Finally, the concentration dependence for these two proteins was investigated, by applying increasingly concentrated solutions to a flow cell containing a 20 nm pore, as shown in Figure 4c . Again, β-galactosidase followed the expected Smoluchowski behavior, whereas the hCG's event rate remained within the noise floor of the system. In an attempt to investigate the dependence of an increased SNR for the hCG, we also checked J for two concentrations with a 5 nm pore (light blue data points in Figure 4c ), but we did not observe any difference in behavior. By further increasing the hCG concentration, we finally did observe the event rate rise above the noise floor at very high concentrations above 1 μM. What are the implications and possible solutions to this issue of a very significantly reduced event rate for protein translocation through nanopores? The findings presented in this study suggest that most of the protein translocation events that are observed are either due to protein−pore interactions or represent the far tail of the residence-time distribution. In patch-clamp techniques, analysis software such as Qub 25 routinely takes into account events that are missed due to limited temporal resolution in the estimation of kinetic parameters, but this has, to our knowledge, so far not been incorporated for nanopores. Some previous studies 26, 27 have attributed low event rates in small antibiotic molecules translocating through membrane pores to limited temporal resolution. Additionally this subject has been touched upon briefly in the past for protein translocation through solid state nanopores. 3, 9, 11, 15 If nanopores are to be used in biosensors, one requirement would be the ability to determine the concentration of analyte in the sample being probed. Given the high percentage of lost events, which also varies widely with protein mass and charge, it seems unlikely that this can be achieved without significant technological improvements.
Solutions to address this temporal issue can be divided into two categories: (i) slowing down the speed of the biomolecules, or (ii) improving the bandwidth of the amplifier utilized. Traditionally the former approach has involved altering buffer properties such as the viscosity or the temperature, both of which have the drawback of simultaneously reducing the amplitude of the signal. 28 For dsDNA, it has been shown that an 18 K drop in temperature can increase the dwell time by 1.7× while decreasing the conductance blockade by 1.5×. 28 Similarly, increasing the viscosity by 4.4× can increase the dwell time by 3.7× while reducing the signal by 2.2×. 28 In the case of proteins, the pH of the buffer can be modified to be close to the isoelectric point of the protein being studied. This will slow down the translocation velocity by reducing the charge of the protein. 15 Alternatively, the protein of interest can be immobilized within the detection volume of the pore for long periods of time using either surface modification 29−31 of the pore or designed DNA-origami structures inserted into the pore. 32, 33 Both of these approaches implement a bait and prey type system. More recently, Yusko et al. 12 have demonstrated an elegant technique which involves coating the nanopore sidewalls with a fluidic lipid bilayer and anchoring the target analyte to the bilayer. Both Yusko et al. and others 34 have shown that the diffusion of these anchored analytes is dominated by the in-plane diffusion constant of the lipids, which is 2 orders of magnitude smaller than the typical diffusion constant for proteins in free solution. As this approach does not modify the inner measurement channel, there is no loss in signal. The second possible solution involves improving the electronics of the system, to directly measure the translocation signal at higher bandwidth. Several low-noise high-bandwidth amplifier designs have been proposed in the past few years. 35−38 Some of these have been designed specifically for use with nanopores and have been demonstrated to allow measurements on short DNA oligos that have previously been invisible. Assuming we apply one of these amplifiers, say with a bandwidth of 1 MHz, to our protein measurements, our FPTD model predicts that, for a temporal resolution of 1 μs, we would expect to observe most proteins and only 6% of events to be lost. Unfortunately, however, the increased bandwidth comes with an increase in noise at the higher frequencies, so realistically this will be difficult to achieve. As previously noted, the temporal resolution is limited by the SNR, meaning that the best resolution will occur in experiments with large proteins, small pores, and low-noise membranes.
While all of these methods may help improve the number of translocation events visible, none of these solutions seem to completely address the problem at hand. It is thus clear that the issues discussed in this paper will remain a problem for protein translocation experiments with nanopores well into the foreseeable future.
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